Introduction
Due to the detrimental effects of corrosive protic acids and toxic Lewis acids on the environment and stringent environmental laws and regulations set up by the governments, the use of eco-friendly and reusable heterogeneous solid acid catalysts has increased exponentially in the fine and bulk chemical industries during the last couple of decades. [1] [2] [3] A general trend in catalysis is to transform a successful homogeneous catalyst into a heterogeneous catalytic system. The use of heterogeneous solid catalysts being in a different phase than the reagents and products has an obvious advantage in terms of easy separation from the reaction mixture, allowing the recovery of the solid and eventually its reuse. In addition, a rapidly growing area of heterogeneous catalysis is for environmental pollution control. [4] [5] [6] Among the large number of Lewis acids used in organic synthesis, stannous chloride has not been explored much for its catalytic activity. [7] [8] [9] [10] [11] [12] [13] Even though this homogeneous catalyst shows good catalytic performance, problems related to corrosion, handling, recovery, and reuse of the catalyst set up are limitations of its use in industrial scale.
Solid supports activated with tin salts have received considerable attention in heterogeneous organic reactions in different areas of organic synthesis, [14] [15] [16] [17] [18] [19] not only because it enables environmentally benign synthesis but also due to the good yields accompanied by excellent selectivities that can frequently be achieved.
The benzo[N,N]-heterocyclic condensation of 1,2-dicarbonyls with arene-1,2-diamines is an acid-catalyzed reaction. Although, these heterocycles have numerous applications in pharmaceutical and synthetic chemistry, [20] [21] [22] [23] [24] [25] [26] a few catalytic reactions for the preparation of these compounds have been recently reported in the literature. [27] [28] [29] [30] [31] [32] [33] [34] [35] Even though the existing processes have some advantages; most of them suffer from one or more limitations such as the use of homogeneous catalysts, catalyst deactivation, unsatisfactory product yields, cumbersome product isolation and lack of general applicability i.e. inefficiency on low activity substrates. Therefore, development of an efficient and environmentally benign method is still required. As part of our continuous efforts to develop eco-friendly catalytic processes, [36] [37] [38] [39] [40] [41] herein, we introduce SnCl 2 /SiO 2 as a novel heterogeneous catalyst for the acid-catalyzed reactions, e.g. benzo[N,N]-heterocyclic condensation. The focus of the present study was to provide a fundamental insight into the similarities and differences existing between heterogeneous and homogeneous acid catalyzed condensation.
Results and Discussion
Characterization of SnCl 2 /SiO 2 Catalyst. The physical structure of silica gel (high surface area, large pore volume, etc.) is one of the major reasons for its effectiveness as a support material. However, these features can be altered significantly during its chemical modification with inorganic materials. The Brunauer-Emmett-Teller (BET) method determines the dispersion of the active groups and the diffusion of reagents in the active site of silica gel. Table 1 shows the BET analysis of silica gel and SnCl 2 /SiO 2 . The observed reduction in surface area and pore volume of SnCl 2 /SiO 2 as compared to silica gel can be attributed to the surface coverage of silica gel by reagent (SnCl 2 ) to define a new modified heterogeneous catalyst. On the other hand, the thermogravimetric analysis (TGA) gives information on the thermal stability of loaded SnCl 2 on silica gel and whether it is chemically bound to the silica surface. As shown in Fig. 1 2 , respectively, which is attributed to the loading of SnCl2 on silica. Accordingly, the exact weight loss of SnCl 2 /SiO 2 is 6.6 wt % which is attributed to the formation of O-Sn-Cl species on silica gel with a good agreement with theoretical calculation.
A supporting evidence for the Sn content of SnCl 2 /SiO 2 was Atomic Absorption Spectrometry (AAS). It was found to be 5.2 mol % which is in good agreement with TGA data.
The proposed structure of the catalyst in which SnCl 2 reacted with the surface hydroxyl groups of the silica gel is shown in Fig. 2 .
Study on Homogeneous Common Lewis Acids as Potential
Catalysts. Initially, we examined the condensation of benzil with the less-reactive 4-nitrobenzene-1,2-diamine 37 to evaluate the efficiency of various metal salts as catalyst ( Table 2 ). The reaction was screened in MeOH 42 within 1 h using a catalytic amount of common Lewis acids (5 mol %) at room temperature (Scheme 1).
The catalytic activity of various Lewis acids was found to be of the order SnCl2·2H2O > CuCl2·2H2O > FeCl3·6H2O > CuCl 2 ≈ CuBr 2 > Cu(NO 3 Among them, basic and neutral Al2O3-supported with SnCl2 showed poor catalytic activities, whereas SnCl 2 /SiO 2 could efficiently catalyze the reaction to afford the desired product in high yield even better than SnCl2·2H2O itself. As regards the silica gel alone, there was a poor activity for the reaction (Table 3, entry 3) .
Therefore, the remarkable efficiency of SnCl2/SiO2 can be explained by a better synergetic effect of SnCl 2 with SiO 2 , due to the existence of multiple Lewis acid catalytic centers (Fig. 2) .
There are recent reports of carrying out this reaction in the presence of other catalysts under similar conditions (Table 4) . It is evident from the results that, SnCl 2 /SiO 2 stands for an improved protocol in terms of reaction time and yield when compared with the other catalysts.
Evaluation of the Reaction Scope. To evaluate the scope of catalyst's application, various arene-1,2-diamines were tested with 1,2-dicarbonyls under the optimized conditions and the results are presented in Table 5 . In all cases, the reactions proceeded expeditiously at room temperature, although the yields were highly dependent on the substrate used (Table 5) .
Turnover frequency (TOF) as a measure of catalyst activity for this catalytic process has been compared in Table 5 ) which is resulted from the two less-reactive substrates in this condensation reaction. [36] [37] [38] [39] [43] [44] The regioselectivity for 4-substituted 1,2-diaminobenzenes on treatment with phenylglyoxal in the presence of SnCl 2 /SiO 2 was also investigated (Table 5 , entries [17] [18] [19] [20] . With the exception of 2,3-diaminopyridine, which showed very high selectivity to cis-regioisomer 1t, [45] [46] the condensation of other 4-substituted 1,2-diaminobenzenes with phenylglyoxal resulted in a mixture of regioisomers 1q-1s, in favor of trans-regioisomers [47] [48] [49] ( Fig. 3) . The regioselectivity was determined by 1 H NMR and also by comparison with known samples.
Recycling of SnCl 2 /SiO 2 . The feasibility of repeated use of SnCl 2 /SiO 2 was also examined. The recovery of catalyst was very easy. After completion of the reaction CH3OH was removed under reduced pressure and CH 2 Cl 2 was added. Product is soluble in CH 2 Cl 2 , while the catalyst remains insoluble. The catalyst was simply filtered from the reaction mixture, dried at 120 o C for 2 h and reused in subsequent run (Fig. 3) . No fresh catalyst was added. The catalyst was thus tested for 4 runs for products 1a and 1d, possessing high and low TOF, respectively. The reaction proceeded smoothly with the yields of 96 -100% for 1a within 4 min and 70 -94% for 1d within 1 h (Fig. 4) . For high TOF 1a, the catalytic activity of SnCl2/SiO2 in terms of yields slightly decreased with increasing number of cycles of the reaction, whereas the decrease of catalytic activity of SnCl 2 / SiO2 for low TOF 1d upon each recycling was quite sizeable.
To test the activity of the catalyst on large-scale, a series of 4 consecutive runs were carried out for the condensation of benzene-1,2-diamine and benzil (55 : 50 mmol). The results of both the thermogravimetric analysis of the catalyst and isolated yield of 2,3-diphenylquinoxaline 1a after each run are shown in Table 6 . These results demonstrate that there is a decrease in the activity of the catalyst after every use. This may be due to deactivation of active centers resulting from complexation with both starting materials and products.
Conclusion
Silica-supported stannous chloride is prepared and characterized as a heterogeneous Lewis acid catalyst. In an example, it shows high efficiency for the synthesis of a variety of benzo [N,N]-heterocycles in excellent yields at room temperature. The experiments show that Lewis acid sites on SnCl 2 /SiO 2 catalyst are the active sites for the reaction. While the reactions provide the products in high to excellent selectivities, the products, in most cases, were obtained in excellent yields (> 98%) in very short reaction times.
From the environmental standpoint, this eco-friendly catalyst possesses advantages of ease of preparation and handling, long shelf life i.e. high stability and excellent activity. Moreover, the catalyst could be successfully recovered and recycled at least for four runs even in case of low activity starting materials.
Experimental
Materials and Methods. The N2 adsorption/desorption analyses were performed on BELSORP-miniII at 77 K. Silica gel was degassed at 300 o C for 1.5 h but SnCl 2 /SiO 2 was degassed at 100 o C for 1.5 h under inert gas flow prior analysis. Specific surface area, total pore volume, and pore diameter of samples was obtained by Brunauer-Emmett-Teller (BET) method using BELSORP analysis software. Thermogravimetric analysis (TGA) measurements of silica gel and SnCl 2 /SiO 2 were carried out in PerkinElmer Pyris Diamond instrument from 32 to 600 o C, using a ramp rate of 10 o C/min under dry N2. The Sn content was also determined by Atomic Absorption Spectrophotometer (AASPerkin-Elmer 1100) using a flame approach, after acid dissolution of known amount of the silica material.
1 H and 13 C NMR spectra were recorded on a Bruker-500. All NMR samples were run in CDCl 3 and chemical shifts are expressed as ppm relative to internal Me 4 Si. Mass spectra were obtained on a Fisons instrument. Substrates are commercially available and used without further purification.
Preparation of SnCl 2 /SiO 2 Catalyst. 30 g of silica gel (300 -400 mesh) were activated by refluxing with 150 mL of 6 mol․L -1 hydrochloric acid under stirring for 24 h, then the activated silica gel was filtered and washed with doubly distilled water to neutral and dried under vacuum at 70 o C for 24 h. (Table 5 ). After completion of the reaction (monitored by TLC using ethyl acetate/hexane (3:7 v/v) or GC), the organic medium was removed with rotary evaporator under reduced pressure. Dichloromethane (10 mL) was added to the resulting solid mixture. The catalyst was recovered by filtration and the CH2Cl2 was evaporated to afford the product 1. For analytical measurements, the crude products were crystallized from ethanol to afford pure products. The identification of the isolated products was generally performed by 1 (20) .
